Introduction {#s1}
============

Insulin-resistant states of obesity, metabolic syndrome, and type 2 diabetes mellitus (T2DM) are pandemic in Western societies. Insulin resistance implies an impairment in glucose metabolism that initially increases insulin secretion. Insulin controls glucose metabolism: in liver, by activating Akt2, which diminishes glucose production at least partly by diminishing expression of gluconeogenic enzymes, and in muscle, by activating Akt2 and atypical protein kinase C (aPKC), which stimulate glucose uptake ([@B1]).

Paradoxically, in insulin-resistant states, some actions of insulin and/or other factors that have similar or overlapping actions are maintained, while other actions are impaired; this reflects that hyperinsulinemia owing to impaired glucose metabolism, or increases in factors that have insulin-like actions, can activate intact pathways. Thus, in liver, despite impaired regulation of gluconeogenesis, signaling pathways that regulate lipogenesis can remain open and contribute to clinical lipid abnormalities. Indeed, despite impaired Akt activation and increased expression of hepatic gluconeogenic enzymes, excessive aPKC activity and increased expression of lipogenic enzymes are seen in hepatocytes of T2DM humans ([@B2]) and livers of diabetic rodents ([@B3]--[@B5]) and high-fat-fed (HFF) mice ([@B3],[@B6]). Moreover, in hepatocytes of type 2 diabetic humans, aPKC activity appeared to be at least partly elevated by hyperinsulinemia-dependent activation of insulin receptor substrate (IRS)-2--dependent phosphatidylinositol 3-kinase (PI3K) and generation of phosphatidylinositol-3,4,5-(PO~4~)~3~ (PIP~3~) ([@B2]), as observance of diabetes mellitus--induced increases in both aPKC activity and expression of lipogenic enzymes required that elevated insulin levels were maintained during prolonged incubations ([@B2]).

As another mechanism for provoking inordinate increases in hepatic aPKC activity in insulin-resistant states, certain lipids generated by dietary excesses, ceramides, and phosphatidic acid directly activate aPKC ([@B1]). Moreover, ceramide impairs hepatic Akt activation in mice fed 60% of calories from fat ([@B7]--[@B9]), and excessive hepatic aPKC activity contributes importantly to enhanced expression of lipogenic, proinflammatory, and gluconeogenic factors that promote obesity, hepatosteatosis, hyperlipidemia, and glucose intolerance in multiple models of insulin resistance ([@B2]--[@B6]). Activation of hepatic aPKC partly explains the paradox that hyperinsulinemic states characteristically have excessive hepatic production of insulin-dependent lipids, along with impaired ability of insulin to suppress hepatic glucose production. Further mechanistic insight into this paradox is herein provided by findings showing that, in initial stages of HFF, Akt-mediated activation of mTOR1C, which increases hepatic lipogenesis ([@B10]), is elevated, but in contrast, phosphorylation of FoxO1, which diminishes hepatic gluconeogenesis ([@B11],[@B12]), is impaired.

In mice consuming a diet with 60% of calories from fat, impaired hepatic Akt activity/activation ([@B7],[@B8]) can account for increased gluconeogenic enzyme expression and hepatic insulin resistance. To examine an earlier phase of diet-induced obesity (DIO), we used HFF mice consuming a "Western" diet with 40% of calories from milk fat and found that hepatic Akt2 activity/activation was increased but nevertheless accompanied by a defect in FoxO1 phosphorylation and impaired regulation of gluconeogenic enzyme expression. Moreover, the loss of Akt-dependent FoxO1 phosphorylation was apparently due to altered activities of Akt and aPKC bound to 40 kDa scaffold protein, WD40/Propeller-FYVE (WD40/ProF), which contains seven WD(trp-x-x-asp)-repeat proteins and one FYVE domain (domain in Fab1p, YOTB, Vac1p and EEA19 early endosome antigen-1) ([@B13]), and is required for Akt-mediated phosphorylation of FoxO1 in adipocytes ([@B14]). Thus, inhibition of hepatic aPKC in HFF mice diminished aPKC binding to WD40/ProF, restored WD40/ProF-associated Akt activity and FoxO1 phosphorylation, and diminished gluconeogenic enzyme expression. Consequently, hepatic lipogenic enzyme expression diminished, insulin activation of both Akt and aPKC in muscle improved, and problems of glucose intolerance, hyperlipidemia, hepatosteatosis, and weight gain were obviated.

Research Design and Methods {#s2}
===========================

aPKC Inhibitors {#s3}
---------------

PKC-ι inhibitor \[^1^H-imidazole-4-carboxamide,5-amino\]-2,3-dihydroxy-4-hydroxymethyl-cyclopentyl-\[1R-(1a,2b,3b,4a)\] (ICAP) was synthesized by Southern Research (Birmingham, AL) or United Chemical Resources (Birmingham, AL) (\>95% purity). Note: ICAP is inactive, but, like AICAR (identical to ICAP except that AICAR has a ribose instead of a cyclopentyl ring), is converted intracellularly by adenosine kinase to the active compound, \[^1^H-imidazole-4-carboxamide,5-amino\]-\[2,3-dihydroxy-4-\[(phosphono-oxy)methyl\]cyclopentane-\[1R-(1a,2b,3b,4a)\] (ICAPP) ([@B15]). Also note: *1*) ICAP is only slightly less potent than ICAPP in in vivo studies, but ICAP synthesis is easier and less costly; *2*) ICAPP/ICAP inhibits recombinant PKC-ι/λ but not PKC-ζ, PKC-α, PKC-β, PKC-δ, PKC-ε, or PKC-θ ([@B2]); *3*) in isolated human hepatocytes, ICAPP/ICAP inhibits aPKC but not Akt2 or AMPK, and moreover, increases FoxO1 phosphorylation ([@B2],[@B15]); and *4*) in intact mice, ICAPP/ICAP inhibits aPKC in liver but not in muscle or adipose tissue ([@B5]).

Pan-aPKC inhibitor 2-acetyl-1,3-cyclopentanedione (ACPD) (purchased from Sigma-Aldrich, St. Louis, MO) inhibits recombinant PKC-ι/λ and PKC-ζ equally but not recombinant PKC-α, PKC-β, PKC-δ, or PKC-ε ([Supplementary Figs. 1 and 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1863/-/DC1)). Like ICAPP/ICAP, ACPD inhibits aPKC but not Akt2 or AMPK in human hepatocytes ([@B15]) ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1863/-/DC1)) and inhibits aPKC in liver but not in muscle of intact mice ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1863/-/DC1)). The reason for hepatic selectivity of ACPD and ICAP during in vivo treatment is uncertain.

Mouse Studies {#s4}
-------------

C57Bl/6/SV129 male mice (age 3--5 months) were obtained from a colony maintained in the Tampa VA Vivarium. Mates from each litter were equally distributed to four groups that were studied over a 10-week period. Mice were fed (diets from Harlan Industries, Madison, WI) a low-fat diet (with 10% of calories from fat and containing 210 g/kg casein, 3 g/kg [l]{.smallcaps}-cystine, 500 g/kg corn starch, 100 g/kg maltodextrin, 39 g/kg sucrose, 20 g/kg anhydrous milk fat, 20 g/kg lard, 20 g/kg soybean oil, 35 g/kg cellulose, 35 g/kg mineral mix, 15 g/kg vitamin mix, and 0.01 g/kg antioxidant) or a high-fat diet (with 40% of calories from milk fat and containing 200 g/kg casein, 3 g/kg [l]{.smallcaps}-cystine, 150 g/kg corn starch, 120 g/kg maltodextrin, 216 g/kg sucrose, 200 g/kg anhydrous milk fat, 10 g/kg corn oil, 1.5 g/kg cholesterol, 50 g/kg cellulose, 35 g/kg mineral mix, 4 g/kg calcium carbonate, 10 g/kg vitamin mix, and 0.04 g/kg antioxidant (for fatty acid composition, see Sajan et al. \[[@B6]\]). Mice were also injected subcutaneously once daily with vehicle or aPKC inhibitor ICAP (1 mg/kg) or ACPD (10 mg/kg body wt). During the 9th week, glucose tolerance was measured after an overnight fast by injection at zero time of 2 mg glucose/kg body wt i.p. and measurement of blood glucose values at 0, 30, 60, 90, and 120 min as previously described ([@B16]). At the end of the 10th week, mice were treated acutely for 15 min with or without insulin (1 unit/kg body wt i.p.) and killed. Tissues were rapidly removed for subsequent analyses. Note that treatment of mice for 10 weeks with aPKC inhibitors ACPD and ICAP did not appear to have any detrimental effects on liver (as per serum aspartate aminotransferase and alanine aminotransferase) or renal (as per serum blood urea nitrogen and creatinine) function.

All experimental procedures involving animals were approved by the Institutional Animal Care and Use Committees of the University of South Florida College of Medicine and the James A. Haley Veterans Administration Medical Center Research and Development Committee (Tampa, FL).

Lysate Preparation {#s5}
------------------

As previously described ([@B2]--[@B6],[@B15]), liver and muscle samples were homogenized in ice-cold buffer containing 0.25 mol/L sucrose, 20 mmol/L Tris/HCl (pH 7.5), 2 mmol/L EGTA, 2 mmol/L EDTA, 1 mmol/L phenlysulfonlyfluoride, 20 μg/mL leupeptin, 10 μg/mL aprotinin, 2 mmol/L Na~4~P~2~O~7~, 2 mmol/L Na~3~VO~4~, 2 mmol/L NaF, and 1 μmol/L microcystin and then supplemented with 1% TritonX-100, 0.6% Nonidet, and 150 mmol/L NaCl and cleared by low-speed centrifugation.

aPKC, PKC, and Akt Assays {#s6}
-------------------------

aPKCs were immunoprecipitated from lysates with rabbit polyclonal antiserum (Santa Cruz Biotechnologies, Santa Cruz, CA), which recognizes C-termini of PKC-ζ and PKC-λ/ι. Immunoprecipitates were collected on Sepharose-A/G beads (Santa Cruz Biotechnologies) and assayed as described ([@B2]--[@B6],[@B15]). aPKC activation was also assessed by immunoblotting for phosphorylation of the auto(trans)phosphorylation site Thr^555/560^ in PKC-ι/ζ, required for, and reflective of, activation ([@B1]).

Akt2 enzyme activity was assayed in immunoprecipitates using a kit purchased from Millipore as previously described ([@B2]--[@B6],[@B15]). Akt activity was also assessed by immunoblotting for phosphorylation of Ser^473^-Akt. AMP-activated protein kinase (AMPK) activity was assayed as previously described ([@B2]--[@B6],[@B15]).

Akt and aPKC activities associated with WD40/ProF were measured by incubating WD40/ProF immunoprecipitates with or without aPKC inhibitor ACPD or with or without Akti inhibitor (Calbiochem, La Jolla, CA) to define aPKC and Akt activities, respectively.

Western Analyses {#s7}
----------------

Western analyses were conducted as previously described ([@B2]--[@B6],[@B15]) using rabbit anti--phospho-Ser^473^-Akt antiserum, rabbit anti--glyceraldehyde-phosphate dehydrogenase (GAPDH) antiserum, rabbit anti-WD40/ProF antiserum, and rabbit anti-aPKC antiserum (Santa Cruz Biotechnologies, Santa Cruz, CA); rabbit anti--phospho-Thr^560/555^--PKC-ζ/λ/ι antiserum (Invitrogen, Carlsbad, CA); rabbit anti--p-Ser^256^-FoxO1 and anti-FoxO1 antiserum (Abnova, Walnut, CA); mouse monoclonal anti--PKC-λ/ι antibodies (Transduction Labs, Bedford, MA); and rabbit anti--phospho-Ser^9^-GSK3β antiserum, rabbit anti--phospho-Ser^2448^-mTOR antiserum, and mouse anti-Akt antibodies (Cell Signaling Technologies, Danvers, MA). Samples from experimental groups were compared on the same blots and corrected for recovery as needed by measurement of GAPDH immunoreactivity.

Measurements of Serum Triglycerides, Cholesterol, Free Fatty Acids, Insulin, and Glucose {#s8}
----------------------------------------------------------------------------------------

Serum triglycerides, insulin, and glucose levels were measured as previously described ([@B5],[@B6],[@B16]).

mRNA Measurements {#s9}
-----------------

As previously described ([@B2],[@B4]--[@B6],[@B15]), tissues were added to Trizol reagent (Invitrogen) and RNA was extracted and purified with RNEasy Mini Kit and RNAase-Free DNase Set (Qiagen, Valencia, CA), quantified (A~260~/A~280~), checked for integrity by electrophoresis on 1.2% agarose gels, and quantified by real-time RT-PCR, using TaqMan reverse transcription reagent and SYBR Green kit (Applied Biosystems, Carlsbad, CA) with mouse nucleotide primers and horseradish-peroxidase transferase as an internal recovery standard.

Nuclear Preparations {#s10}
--------------------

Nuclei were prepared as previously described ([@B4]).

Ceramide Species Quantitation {#s11}
-----------------------------

Ceramide species were measured by liquid chromatography tandem mass spectrometry analysis of lipid extracts of liver lysates by Lipidomics Shared Resource, Medical University of South Carolina (Charleston, SC).

Statistical Evaluations {#s12}
-----------------------

Data are expressed as mean ± SEM, and *P* values were determined by one-way ANOVA and least significant multiple-comparison methods.

Results {#s13}
=======

Effects of HFF on Activities of aPKC and Akt2 in Liver and Muscle in Low-Fat-Fed and HFF Mice {#s14}
---------------------------------------------------------------------------------------------

As seen in [Figs. 1*A* and *B*](#F1){ref-type="fig"} and [2*A* and *C*](#F2){ref-type="fig"}, in control low-fat-fed (LFF) mice, insulin provoked rapid increases in activity of both aPKC and Akt2 in liver and muscle. In HFF mice, however, basal/resting and insulin-stimulated activities of aPKC and Akt2 were diminished in muscle, but in liver, basal/resting activities of aPKC and Akt2 were elevated, presumably reflecting hyperinsulinemia and possibly other activators, and increased after acute insulin treatment to levels comparable with those of LFF mice. Thus, because of elevated baselines, insulin-induced increments in hepatic Akt2 and aPKC activities were of lesser magnitude in HFF mice. Nevertheless, insulin signaling to hepatic aPKC and Akt2 was largely intact in HFF mice.

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on basal and insulin-stimulated activities of aPKC and Akt2 in liver (*A*) and muscle (*B*). Over 10 weeks, mice were fed a low-fat (10% of calories from fat) (L) or high-fat (40% of calories from milk fat) (H) diet and treated with or without aPKC inhibitor (daily injections of 1 mg/kg body wt s.c. ICAP or 10 mg/kg body wt s.c. ACPD). Before killing, fed mice were treated for 15 min with or without insulin (1 unit/kg body wt i.p.). Liver and hind limb muscles were harvested and examined for immunoprecipitable aPKC and Akt2 activity. Values are means ± SEM of six determinations. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 for indicated comparisons. Letters above bars indicate the following: a, *P* \< 0.05; b, *P* \< 0.01; and c, *P* \< 0.001 for insulin-stimulated versus resting/basal values in corresponding treatment groups. immunoppt, immunoprecipitate.](2690fig1){#F1}

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on hepatic resting/basal and insulin-stimulated phosphorylation of Ser^473^-Akt (*A*), Ser^9^-GSK3β (*B*), Thr^555/560^--PKC-λ/ζ (*C*), and Ser^2448^-mTOR (*D*). As in [Fig. 1](#F1){ref-type="fig"}, over 10 weeks, mice were fed low-fat (L) or high-fat (H) diets and treated with or without aPKC inhibitor; 15 min before killing, fed mice were treated with or without insulin (1 unit/kg body wt). Liver was harvested and examined for immunoreactivity of indicated signaling factors. Bargram values are mean ± SEM of six determinations. \**P* \< 0.05 and \*\**P* \< 0.01 for indicated comparisons. Letters above bars indicate as follows: a, *P* \< 0.05 and b, *P* \< 0.01 for insulin-stimulated versus resting/basal values in corresponding treatment groups. Representative immunoblots are shown for indicated phosphoproteins and GAPDH loading controls.](2690fig2){#F2}

Similar to Akt activation, resting hepatic IRS-1--dependent PI3K activity, the major activator of Akt during insulin action ([@B17]), trended upward, presumably reflecting hyperinsulinemia, and increased normally with acute insulin treatment ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1863/-/DC1)). In contrast, insulin did not increase activity of IRS-1--dependent PI3K in muscles of HFF mice. Different from IRS-1--dependent PI3K, insulin-stimulated IRS-2--dependent PI3K activity was intact in muscle as well as liver in HFF mice. (Note: In liver, IRS-2--dependent PI3K participates along with IRS-1--dependent PI3K in Akt activation but is the sole activator of aPKC during insulin action \[[@B17]\]).

Effects of aPKC Inhibitors on Activities of aPKC and Akt2 in Liver and Muscle of HFF Mice {#s15}
-----------------------------------------------------------------------------------------

We treated HFF mice for 10 weeks with two small-molecule aPKC inhibitors, ICAP and ACPD, in doses that reduced basal/resting and exogenous insulin-stimulated hepatic aPKC activities to levels seen in control/LFF mice ([Figs. 1*A*](#F1){ref-type="fig"} and [2*C*](#F2){ref-type="fig"}). In contrast, aPKC inhibitor treatment did not alter resting Akt2 activity in livers of HFF mice but enhanced insulin-stimulated Akt2 activity therein ([Figs. 1*A*](#F1){ref-type="fig"} and [2*A*](#F2){ref-type="fig"}). In muscle, with aPKC inhibitor treatment, resting aPKC and Akt2 activities increased to, and insulin-stimulated activities approached, activities seen in control/LFF mice ([Fig. 1*B*](#F1){ref-type="fig"}).

Effects of HFF on Expression of Hepatic Lipogenic and Gluconeogenic Enzymes {#s16}
---------------------------------------------------------------------------

HFF provoked increases in hepatic mRNA and protein levels of lipogenic enzymes sterol receptor element--binding protein-1c (SREBP-1c) (note: protein as per active nuclear fragment) and fatty acid synthase (FAS) and gluconeogenic enzymes PEPCK and glucose-6-phosphatase (G6Pase), as measured in the fed state ([Fig. 3*A* and *B*](#F3){ref-type="fig"}). However, with aPKC inhibitor treatment and reduction of hepatic aPKC activity, expression of mRNA and protein levels of SREBP-1c, FAS, PEPCK, and G6Pase in HFF mice were not significantly different from expression in control/LFF mice ([Fig. 3*A*](#F3){ref-type="fig"}). Consonant with the idea that diminished hepatic aPKC activity was responsible for improvements in expression of lipogenic and gluconeogenic enzymes in HFF mice treated with aPKC inhibitors, aPKC is required for *1*) feeding- and insulin-dependent increases in activity and expression of SREBP-1c, which increases expression of multiple lipogenic enzymes ([@B2],[@B4]--[@B6],[@B15],[@B18],[@B19]); and *2*) fasting-dependent increases in expression of PEPCK and G6Pase ([@B2],[@B4]--[@B6],[@B15]).

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on mRNA (*A*) and immunoreactive protein (*B*) levels of lipogenic (SREBP-1c, FAS) and gluconeogenic (PEPCK, G6Pase) enzymes in livers of ad libitum--fed mice. As in [Fig. 1](#F1){ref-type="fig"}, over 10 weeks, mice were consuming low-fat (L) and high-fat (H) diets and treated with or without aPKC inhibitor. After killing, liver tissue was examined for mRNA and protein levels of indicated enzymes. Values are mean ± SEM of 12 determinations. (Note: Acute 15-min insulin treatment as described in [Fig. 1](#F1){ref-type="fig"} did not alter mRNA and protein levels.) \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 for indicated comparisons. Representative immunoblots are shown for indicated proteins. Note that levels of the active SREBP-1c fragment were measured in nuclear preparations.](2690fig3){#F3}

Effects of HFF on Phosphorylation of FoxO1 and Other Akt Substrates in Liver {#s17}
----------------------------------------------------------------------------

In livers of T2DM humans ([@B2],[@B15]) and rodents ([@B3]--[@B6]), Akt activity/activation is diminished and expression of PEPCK/G6Pase is understandably increased. In presently used HFF mice, however, the presence of increased PEPCK/G6Pase expression in the face of elevated hepatic Akt2 activity seemed at odds. This conundrum was resolved by finding that Akt2-dependent phosphorylation of Ser^256^-FoxO1, which, by its phosphorylation and nuclear exclusion mediates insulin-dependent decreases in gluconeogenic enzyme expression ([@B11],[@B12]), was markedly diminished basally and virtually unresponsive to exogenous insulin treatment in livers of HFF mice ([Fig. 4*A*](#F4){ref-type="fig"}).

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on phosphorylation of Ser^256^-FoxO1 in liver lysates (*A*); recovery of immunoreactivity of aPKC, FoxO1, and WD40/ProF in WD40/ProF immunoprecipitates (*B*); recovery of Akt enzyme activity in WD40/ProF immunoprecipitates (*C*); and recovery of aPKC enzyme activity in WD40/ProF immunoprecipitates (*D*). As in [Fig. 1](#F1){ref-type="fig"}, over 10 weeks, mice were fed a low-fat (L) or high-fat (H) diet and treated with or without aPKC inhibitor; 15 min before killing, mice were treated with or without insulin (1 unit/kg body wt). Liver was harvested and examined for indicated signaling factors in liver lysates or WD40/ProF immunoprecipitates prepared from liver lysates. Bargram values are mean ± SEM of six determinations. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 for indicated comparisons. Letters above bars indicate the following: a, *P* \< 0.05 and b, *P* \< 0.01 for insulin-stimulated versus basal/resting values in corresponding treatment groups. Note that FoxO1 and WD40/ProF levels were not altered by treatments. Also note that large amounts of immunoreactive immuno--γ globulins precluded accurate measurement of nearby Akt in WD40/ProF immunoprecipitates.](2690fig4){#F4}

In contrast to FoxO1 phosphorylation but in keeping with increases in hepatic Akt2 activity in HFF mice, Akt-dependent phosphorylation of both Ser^9^-glycogen synthase kinase (GSK)-3β, which, by inhibiting GSK3β, mediates stimulatory effects on glycogen synthesis, and Ser^2448^-mTOR, which, by activating S6 kinase, mediates stimulatory effects on lipogenesis ([@B10]), was increased by HFF, as well as by exogenous insulin treatment and, moreover, was not altered by aPKC inhibitor treatment ([Fig. 2*B* and *D*](#F2){ref-type="fig"}). Accordingly, the defect in FoxO1 phosphorylation in HFF mice was relatively specific and did not reflect a generalized defect in hepatic Akt-dependent phosphorylation.

Effects of aPKC Inhibitors on FoxO1 Phosphorylation in Livers of HFF Mice {#s18}
-------------------------------------------------------------------------

Treatment of HFF mice with aPKC inhibitors fully or largely restored basal/resting and insulin-stimulated hepatic FoxO1 phosphorylation ([Fig. 4*A*](#F4){ref-type="fig"}). This restoration suggested that activation of hepatic aPKC contributed to the impairment of FoxO1 phosphorylation in HFF liver. Moreover, the stimulatory effect of aPKC inhibitors on FoxO1 phosphorylation provided a reasonable explanation for the improvement/suppression of gluconeogenic enzyme expression in HFF mice ([Fig. 3*A*](#F3){ref-type="fig"}).

Role of ProF in aPKC-Dependent Inhibition of FoxO1 Phosphorylation in Livers in HFF Mice {#s19}
----------------------------------------------------------------------------------------

Findings that FoxO1 phosphorylation was diminished despite heightened Akt2 activity, and was increased in basal/resting conditions by aPKC inhibitors without change in overall cellular Akt2 activity, suggested that Akt-dependent FoxO1 phosphorylation and inhibition thereof by HFF-activated aPKC might be compartmentalized. It was therefore interesting that, in adipocytes, the scaffold protein WD40/ProF binds FoxO1 and activated forms of both Akt and aPKC and, moreover, is required for Akt-mediated phosphorylation of FoxO1 but not other Akt substrates, such as GSK3β and mTORC1 ([@B14]), i.e., a pattern of selective inhibition of Akt substrates identical to that observed above in HFF liver. Indeed, we found in liver that levels and activity of aPKC recovered in WD40/ProF immunoprecipitates were increased, particularly by HFF and to a lesser degree by exogenous insulin treatment ([Fig. 4*B* and *D*](#F4){ref-type="fig"}); activity of Akt recovered in WD40/ProF immunoprecipitates was increased by insulin in control/LFF mice ([Fig. 4*C*](#F4){ref-type="fig"}); basal/resting and insulin-stimulated activities of Akt associated with WD40/ProF were diminished by HFF ([Fig. 4*C*](#F4){ref-type="fig"}); and treatment of HFF mice with aPKC inhibitors diminished aPKC binding to WD40/Prof ([Fig. 4*B* and *D*](#F4){ref-type="fig"}) but simultaneously increased WD40/ProF-associated Akt activity ([Fig. 4*C*](#F4){ref-type="fig"}) and total cellular FoxO1 phosphorylation ([Fig. 4*A*](#F4){ref-type="fig"}), thereby decreasing gluconeogenic enzyme expression ([Fig. 3*A*](#F3){ref-type="fig"}).

Effects of aPKC Inhibitors on Glucose and Lipid Metabolism in HFF Mice {#s20}
----------------------------------------------------------------------

With aPKC inhibitor--induced improvements in gluconeogenic enzyme suppression in liver and insulin signaling in muscle, glucose tolerance ([Fig. 5*A*](#F5){ref-type="fig"}), fasting blood glucose levels ([Fig. 5*A*](#F5){ref-type="fig"}), serum glucose levels in resting/fed conditions and after acute insulin treatment ([Fig. 5*B*](#F5){ref-type="fig"}), and fed serum insulin levels ([Fig. 5*C*](#F5){ref-type="fig"}) in HFF mice were reduced to levels comparable with those of control/LFF mice. On the other hand, fasting serum insulin levels were reduced but remained mildly elevated ([Fig. 5*C*](#F5){ref-type="fig"}).

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on glucose tolerance in fasted mice (*A*), resting and insulin-stimulated serum glucose levels in fed mice (*B*), serum insulin levels in fasted and fed mice (*C*), and serum levels of triglycerides and cholesterol in fed mice (*D*). Over 10 weeks, mice were consuming low-fat (L) and high-fat (H) diets and treated with or without aPKC inhibitor, as in [Fig. 1](#F1){ref-type="fig"}. At 9 weeks, after an overnight fast, mice were subjected to glucose tolerance testing (2 mg glucose/kg body wt i.p. and measurement of blood glucose at 0, 30, 60, 90, and 120 min). At 10 weeks, 15 min before killing, fed mice were treated with or without insulin (1 unit/kg body wt). Blood and sera were examined for indicated parameters. Values are means ± SEM of 12 determinations in panels *A*, *C*, and *D* (15-min insulin treatment did not alter serum lipid values) and mean ± SEM of 6 determinations in *B*. \**P* \< 0.05 and \*\*\**P* \< 0.001 for indicated comparisons. HF, high fat; LF, low fat.](2690fig5){#F5}

As with glucose homeostasis, treatment with aPKC inhibitors largely reversed/was prevented the following: *1*) increases in serum triglyceride and cholesterol levels ([Fig. 5*D*](#F5){ref-type="fig"}), *2*) weight gain ([Fig. 6*A*](#F6){ref-type="fig"}) (note: Food intake was unaltered \[[Fig. 6*B*](#F6){ref-type="fig"}\], raising the possibility of an increase in caloric expenditure), *3*) increases in epididymal and retroperitoneal fat depots ([Fig. 6*C*](#F6){ref-type="fig"}), and *4*) increases in hepatic triglycerides and fat content (Oil Red O staining) ([Fig. 6*D*](#F6){ref-type="fig"}).

![Effects of HFF and aPKC inhibitors ICAP (I) and ACPD (A) on body weight (*A*), food intake (*B*), fat pad weights (*C*), and hepatic triglyceride levels and fat contents as per Oil Red O staining (*D*). As in [Fig. 1](#F1){ref-type="fig"}, over 10 weeks, mice were consuming low-fat (L) and high-fat (H) diets and treated with or without aPKC inhibitor. Values are mean ± SEM of 12 values. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. HF, high fat; LF, low fat.](2690fig6){#F6}

Effects of Ceramide on Hepatic aPKC Activity in WT and HFF Mice {#s21}
---------------------------------------------------------------

As ceramide provokes hepatic abnormalities in HFF mice ([@B7]--[@B9]) and directly activates aPKC ([@B1],[@B20],[@B21]), we questioned whether ceramide contributed to increases in aPKC activity in our HFF mice. Ceramide strongly activated aPKC when added to immunoprecipitates prepared from liver lysates of LFF/control mice but had only a weak effect on aPKC immunoprecipitated from lysates of HFF mice and diminished activity of aPKC immunoprecipitated from lysates of HFF mice treated acutely with insulin ([Fig. 7](#F7){ref-type="fig"}). (Note: Ceramide has biphasic effects on aPKC activity, with inhibition after stimulation in dose-response studies \[[@B20],[@B21]\]; similarly, PIP~3~ inhibits aPKC activity when added in excess \[[@B22]\]). On the other hand, acute insulin treatment, acting via PIP~3~, elicited further increases in aPKC activity in HFF mice ([Fig. 7](#F7){ref-type="fig"} \[compare with [Fig. 1*A*](#F1){ref-type="fig"}\]). That ceramide levels were increased in HFF mice is shown in [Fig. 7](#F7){ref-type="fig"}.

![*A*: Effects of ceramide on aPKC immunoprecipitated from liver lysates obtained from mice consuming low-fat (LF) and high-fat (HF) diets and treated with or without insulin (Ins) for 15 min prior to killing, as described in [Figs. 1](#F1){ref-type="fig"}--[6](#F6){ref-type="fig"} (except that these mice were not treated with aPKC inhibitors). Assays of immunoprecipitated aPKC were conducted, with indicated concentrations of ceramide (Sigma-Aldrich). Values are mean ± SEM of three to five determinations. *B*: Effects of feeding HF and LF diets on hepatic levels of ceramide and sphingomyelin species. As in [Fig. 1](#F1){ref-type="fig"}, over 10 weeks, mice were fed a low-fat or high-fat diet but were not treated with aPKC inhibitors. Bargram values are mean ± SEM of eight determinations. \**P* \< 0.05. DH, dihydro; SM, sphingomyelin.](2690fig7){#F7}

Discussion {#s22}
==========

Finding heightened hepatic Akt2 activity in the resting state and attainment of normal levels of Akt2 activity AFTER maximal insulin treatment, along with diminished FoxO1 phosphorylation and increased PEPCK/G6Pase expression, allowed us to localize an important defect in glucose metabolism specifically at the level of FoxO1 phosphorylation. This post-Akt2 signaling defect in mice consuming 40% of calories from fat contrasts with impaired insulin-stimulated hepatic Akt activation in mice consuming 60% of calories from fat ([@B7],[@B8]) and presumably reflects an earlier stage of development of hepatic insulin resistance in HFF/DIO. On the other hand, variable increases in resting/basal Akt activity have been noted in rodents consuming diets containing 60% of calories from fat over 4 weeks ([@B23],[@B24]). Thus, alterations in Akt activity may vary, depending on the intensity and length of HFF.

The finding that two inhibitors of hepatic aPKC restored FoxO1 phosphorylation in our HFF/DIO mice suggested that the excessive activation of hepatic aPKC observed in these mice was responsible for the selective impairment in FoxO1 phosphorylation. Further support comes from findings in studies of WD40/ProF, which, in adipocytes, serves as a scaffold protein required for both insulin/aPKC-dependent vesicle-associated membrane protein-2 phosphorylation and glucose transport ([@B25]) and insulin/Akt-dependent phosphorylation of FoxO1 but not GSK3β and mTOR ([@B14]). Accordingly, in liver, we found the following: aPKC activity in WD40/ProF immunoprecipitates was increased by HFF and insulin, Akt2 activity in WD40/ProF immunoprecipitates was increased by insulin but diminished by HFF, and aPKC inhibitors diminished aPKC and increased Akt2 activity to levels comparable with those of LFF mice.

Interestingly, HFF-induced impairment of hepatic FoxO1 phosphorylation was relatively specific and did not involve Akt substrates GSK3β and mTOR, in accordance with Akt substrate specificity observed in studies of WD40/ProF knockdown in adipocytes ([@B14]). It therefore appears that WD40/ProF provides a functional compartment or platform that specifically enables FoxO1 phosphorylation in multiple insulin-sensitive tissues. That excessive HFF-induced activation of aPKC in this hepatic compartment diminished cocompartmentalized Akt activity and its action on total cellular FoxO1 and gluconeogenic enzyme expression underscores the importance of this compartment/platform in regulating hepatic glucose metabolism and its vulnerability to excessive aPKC activation. Further studies are needed to see whether Akt substrates other than FoxO1 are phosphorylated on the WD40/ProF platform and whether other functions of insulin that require Akt and FoxO1 phosphorylation are abrogated by excessive aPKC activation.

Also note that aPKC directly binds, phosphorylates, and inhibits Akt ([@B26]--[@B28]), and the abundance and proximity of aPKC to Akt on the seven-bladed propellers of the WD40/ProF scaffold may have further amplified the ability of aPKC to specifically influence WD40/ProF-associated Akt activity and Akt-dependent FoxO1 phosphorylation in livers of HFF mice. In this regard, relief of inhibitory effects of aPKC on Akt activation presumably contributed importantly to the enhancement of insulin-stimulated activity/phosphorylation of total hepatic Akt2 in aPKC inhibitor--treated HFF mice, but interestingly, this enhancement did not alter GSK3β/mTOR phosphorylation.

That WD40/ProF is involved in Akt2-mediated phosphorylation of hepatic FoxO1 is noteworthy, as FoxO1 mediates insulin effects on hepatic gluconeogenesis ([@B11],[@B12]), a key element in glucose homeostasis. Also note that, as insulin regulation of PEPCK and G6Pase expression appears to require only relatively low levels of Akt activity ([@B10]), this efficiency may reflect the ability of the WD40/ProF scaffold to facilitate Akt-dependent FoxO1 phosphorylation. Nevertheless, as seen here, this coupling efficiency is abrogated by HFF, apparently through inordinate aPKC activation and subsequent binding of active aPKC to WD40/ProF.

The idea that aPKC limits Akt action on FoxO1 may seem counterintuitive, as it implies that insulin itself restrains FoxO1 phosphorylation by coactivating hepatic aPKC with Akt. However, in normal conditions, restraining effects of insulin/aPKC on Akt-dependent FoxO1 phosphorylation are only partly effective but perhaps necessary to prevent hypoglycemia that might otherwise occur if Akt operated on FoxO1 without restraint. In support of the possibility that aPKC tonically restrains Akt effects on FoxO1, inhibition of aPKC increases FoxO1 phosphorylation and diminishes gluconeogenic enzyme expression in fasting conditions and in the absence of either HFF or exogenous insulin treatment ([@B2]--[@B6],[@B10]). As another possibility, increases in aPKC activity induced by diet-related lipids may be more marked and better targeted to WD40/ProF and therefore more effective in uncoupling Akt and FoxO1 than those induced by normal feeding-related increases in insulin secretion.

We speculate ([Fig. 8](#F8){ref-type="fig"}) that hepatic aPKC activity was increased initially in our HFF mice by diet-derived lipids, ceramides, and/or phosphatidic acid and, secondarily, from hyperinsulinemia after impaired FoxO1 phosphorylation and increased gluconeogenesis. Supportive of this hypothesis, ceramide, which provokes hepatic abnormalities in HFF mice ([@B7]--[@B9]), activated aPKC in immunoprecipitates from LFF liver, but poorly in immunoprecipitates from HFF liver, suggesting that the ceramide was already exerting a near-maximal effect. However, acute insulin treatment provoked further increases in hepatic aPKC activity, indicating that aPKC was not maximally activated by diet-dependent factors. Also note that ceramide and PIP~3~ activate aPKC by binding to separate sites ([@B1],[@B20],[@B21]), and additive effects are not surprising.

![Development of hepatic and secondary systemic insulin resistance in DIO. In response to dietary excess, availability of lipids that directly activate aPKC, e.g., ceramide and phosphatidic acid, increases. Subsequent activation of hepatic aPKC increases binding of aPKC to ProF, a scaffolding protein that couples Akt and FoxO1, and this leads to impaired ability of Akt2 to phosphorylate FoxO1 on Ser^256^; as a result, expression of PEPCK and G6Pase and hepatic glucose output increase. Ensuing increases in blood glucose levels stimulate insulin secretion, and both glucose and insulin, as well as fatty acids, increase phosphatidic acid production via the de novo pathway. Increased insulin secretion activates hepatic Akt2, as well as aPKC, which together increase hepatic lipid production, thereby providing more substrates for phosphatidic acid and ceramide synthesis. In short, a vicious cycle is set up for lipid production and aPKC activation. This cycle is abetted in human (but not rodent) liver by virtue of the fact that increased aPKC activity provokes increases in levels of PKC-ι mRNA and protein ([@B2]). As a by-product of increases in circulating levels of liver-derived lipids and cytokines, insulin signaling in muscle and certain other tissues (e.g., adipose tissue \[data not shown\]) is impaired, adding further to diminished glucose disposal and systemic insulin resistance.](2690fig8){#F8}

Importantly, insulin signaling to both Akt2 and aPKC in muscle improved with inhibition of hepatic aPKC. Thus, in our HFF/DIO model, abnormalities in insulin signaling in muscle appeared to be largely dependent on aPKC-dependent hepatic abnormalities, e.g., increased secretion of hepatic lipids, proinflammatory cytokines, and/or other factors. These improvements in muscle accompanying aPKC inhibitor treatment probably contributed importantly to improved glucose tolerance in HFF mice. Moreover, improvements in body weight and/or energy balance (not measured), may have contributed to improvements in muscle and/or liver in HFF mice after treatment with aPKC inhibitors.

Despite the fact that aPKC inhibitors kept clinical parameters of glucose and lipid metabolism at or close to normal in our HFF mice, serum insulin levels were improved but not fully normalized. The reason for this is uncertain, but the residual hyperinsulinemia may have been needed to activate spare insulin receptors partially downregulated in amount or activity by diet-induced increases in conventional/novel PKCs or other factors. In any case, the marked improvements in glucose and lipid metabolism suggested that the residual hyperinsulinemia was functionally sufficient, and we did not use higher doses of aPKC inhibitors to drive down serum insulin levels.

Finally, as to the paradox in insulin-resistant states that stimulatory effects of insulin and/or other factors on hepatic lipogenesis may be excessive when inhibitory effects of insulin or other factors on FoxO1 and hepatic gluconeogenesis are deficient, the present findings show that, in "initial" or "early" stages of HFF/DIO, i.e., when hepatic Akt2 activation is still intact, at least part of this paradox may reflect impaired ability of Akt to phosphorylate FoxO1, coupled with normal or excessive ability of Akt and aPKC, as activated by insulin and/or other factors, to phosphorylate mTORC1/S6kinase or other lipogenic factors. Later, as hepatic Akt activation by insulin is impaired, continued increases in hepatic aPKC, along with a modicum of basal Akt, or continued increases in resting Akt activity (see [@B23],[@B24]) or other factors that activate mTOR/S6 kinase may be sufficient to maintain increases in hepatic lipogenesis. In both situations, reduction of hepatic aPKC activity by dietary or other means appears to be an important therapeutic goal.
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